It has been suggested previously that tramadol increases central nervous system activity and 'lightens' anaesthesia with volatile agents. We assessed the effects of tramadol on the minimum alveolar concentration (MAC) of isoflurane in 56 Wistar rats, instrumented chronically with an arterial and central venous catheter. The MAC of isoflurane was determined using the tail clamp method under three conditions: (1) after injection of saline (control); (2) after administration of tramadol 10 mg kg -1 i.v.; and (3) after administration of morphine 1 mg kg -1 i.v. The studies were repeated after treatment with the antagonists naloxone or yohimbine. Tramadol and morphine both reduced the MAC of isoflurane from mean 1.38 (SEM 0.05)% to 1.22 (0.06)% and 1.17 (0.06)%, respectively (PϽ0.05). Concomitant administration of yohimbine did not abolish this reduction in MAC. In contrast, after pretreatment with naloxone, tramadol (1.47 (0.04)%) or morphine (1.38 (0.07)%) did not cause a reduction in the MAC of isoflurane compared with controls (1.39 (0.06)%). We conclude that tramadol and morphine reduced the MAC of isoflurane to a small but significant extent. For both drugs, this effect was related to their action at opioid receptors. The analgesic action of tramadol is caused only partially Toit found that tramadol, in doses up to 200 mg i.v. during isoflurane-nitrous oxide anaesthesia, produced a small by its effects on the µ opioid receptor. As a result of increase in the EEG power spectral correlates of anaesthetic inhibition of re-uptake of centrally released norepinephrine depth but this did not lead to awareness. 8 and 5-hydroxytryptamine, tramadol also increases the In this study, we have investigated the interaction between activity of spinal descending inhibitory pathways. [1] [2] [3] The tramadol and isoflurane on depth of anaesthesia by determinantinociceptive effect of tramadol in animals and humans ing the MAC value in rats. The observation that tramadol is inhibited partially by naloxone but antagonized comreduces the MAC of isoflurane led us to a second series of pletely by the combination of naloxone and yohimbine. 2 3 experiments using a similar design including naloxone and Because only one-third of the analgesic action of tramadol yohimbine as the antagonists of opioid and α 2 adrenoceptors, is produced by actions at the µ receptor, it produces less respectively. respiratory depression than morphine at equi-analgesic doses. 4 5
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Materials and methods
Clinical studies have confirmed that tramadol is a suitable drug for the management of postoperative pain. 5 6 However, All animals received care in compliance with the Guide for intraoperative use of tramadol has been associated with a the Care and Use of Laboratory Animals prepared by the 65% incidence of recall of intraoperative auditory stimuli Institute of Laboratory Animals Resources (NIH Publication during anaesthesia with nitrous oxide and low doses of No. 86-23, revised 1985) and our Local Animal Care enflurane. 6 It was suggested recently that an increased risk Committee. Before the study, 56 male Wistar rats, of intraoperative awareness may represent a significant weighing 250-300 g, were anaesthetized with pentobarbital 60 mg kg -1 i.p. and instrumented chronically with a silicon clinical disadvantage for tramadol. 7 Coetzee, Maritz and du catheter in the internal jugular vein (0.026ϫ0.12 cm) and in the carotid artery (0.05ϫ0.09 cm) (Silclear tubing, Degana Silicone, Israel). Both catheters were tunnelled subcutaneously to the dorsum of the neck. The animals received prophylactic antibiotic treatment with cefazolin 50 mg kg -1 . At least 1 day later the rats were anaesthetized with isoflurane, the trachea intubated and the lungs ventilated mechanically (small animal ventilator KTR-4, Hugo Sachs Electronic, March, Germany) to obtain normal bloodgas values. 9 The arterial catheter was connected to a pressure transducer (Baxter Healthcare Corporation, Uden, Holland) (Gould Inc., Cleveland, OH, USA). A heating pad was used *PϽ 0.05 vs control. to preserve normothermia. Isoflurane inspiratory concentration (Irina Narkosemittel meβgerät, Dräger, Lübeck, Germany) was set initially at 1.44%.
Study 1
The MAC of isoflurane was determined under three randomized conditions: (1) control: after administration of saline 1 ml i.v.; (2) after tramadol 10 mg kg -1 in saline 1 ml i.v.; and (3) after morphine 1 mg kg -1 in saline 1 ml i.v. (nϭ10 in each group). This dose of tramadol has been shown previously to have a strong antinociceptive action in rats. 10 A 10 to 1 dose ratio for tramadol to morphine was used. 5 11 Fifteen minutes after injection of the treatment drug, measurement of MAC was started using a long haemostat clamped to full ratchet lock on the tail (proximal 2 cm, 45°motion at 1 Hz) for 1 min. Depending on the presence or absence of purposeful movements, the inspired concentration of isoflurane was increased or decreased, respectively, with increments of 20%, allowing an equilibration period of 30 min. The tail clamp procedure was repeated for each change in inspired concentration until reversal of the response. The inspired concentration of isoflurane was then adjusted in the opposite direction by was obtained and the highest value for which a positive response was obtained. 12 
Statistical analysis Study 2 (mechanism of action)
Data are presented as mean (SEM). Values for arterial pressure and the MAC of isoflurane in the treatment groups The experiments were similar to study 1 but with prein the absence or presence of antagonists were compared treatment with the antagonists yohimbine 1 mg kg -1 using two-way factorial ANOVA, and post hoc testing by (yohimbineϩcontrol/tramadol/morphine) and naloxone Fisher's protected least square difference where appropriate. 5 µg kg -1 min -1 (naloxoneϩcontrol/tramadol/morphine).
PϽ0.05 was considered to indicate statistical significance. The dose of naloxone has been shown to antagonize the reduction in the MAC of halothane by morphine in rats. 13
Results
Yohimbine 1 mg kg -1 i.v. was demonstrated previously to antagonize the antinociceptive effect of tramadol in rats. 3 Figure 1 shows that tramadol and morphine reduced the After a single dose, significant concentrations of yohimbine MAC of isoflurane from 1.38 (0.05)% to 1.22 (0.06)% and persist in the brain for up to 8 h. 14 The antagonists were 1.17 (0.06)%, respectively. administered 15 min before injection of saline (group 1), Figure 2 shows that when animals were pretreated with naloxone, tramadol (1.47 (0.04)%) and morphine (1.38 tramadol (group 2) or morphine (group 3).
de Wolff et al. affect the MAC of isoflurane in our study. This has also Morphine been reported previously in rats. 20 21 Before 102 (9) The antinociceptive effect of tramadol is produced mainly (5) ine. 24 Our data showed that yohimbine, which is also an α 2 After 109 (7) adrenoceptor antagonist, did not affect the MAC of isoflurMorphineϩyohimbine Before 136 (5) ane and failed to antagonize the effect of tramadol on the After 128 (9) MAC of isoflurane. In contrast, the reduction in the MAC of isoflurane by tramadol was effectively abolished by naloxone, suggesting involvement of opioid receptors. Our findings also suggest that the MAC reducing effect (0.07)%) did not change the MAC of isoflurane from of tramadol is of the same magnitude as that of equicontrols (1.39 (0.06)%). In contrast, after pretreatment with analgesic doses of morphine. This observation is somewhat yohimbine, tramadol and morphine reduced significantly surprising as the affinity of tramadol for the µ opioid the MAC of isoflurane from 1.39 (0.06)% (control) to 1.16 receptor is approximately 6000-fold lower than that of (0.07)% (tramadol) and 1.14 (0.02)% (morphine). The MAC morphine. 1 O-desmethyl tramadol (M1), a metabolite of of isoflurane was not affected by naloxone or yohimbine tramadol, has 4-10 times greater affinity for the µ receptor alone.
than its parent compound. 25 26 The contribution of this Mean arterial pressure, recorded before and after drug metabolite to the effect on the MAC of isoflurane and to treatment, did not differ between groups (Table 1) . species differences is not clear at present. Nevertheless, although metabolism of tramadol is faster in rats compared Discussion with humans, circulating blood concentrations of M1 are comparable between humans and rats. 27 Furthermore, data Tramadol 10 mg kg -1 and morphine 1 mg kg -1 decreased the MAC of isoflurane to a small but statistically significant from rodent and human studies suggest that M1 does not readily penetrate the blood-brain barrier. 25 Thus our extent. Naloxone completely abolished this effect in both the tramadol and morphine groups, whereas yohimbine observations are probably not confounded by this metabolite but rather reflect the action of the native compound. failed to antagonize the reduction in MAC of these analgesic drugs. Our data suggest that tramadol decreased the MAC In summary, it has been suggested that because of an increase in central norepinephrine and 5-hydroxytryptamine of isoflurane via an opioid receptor-mediated mechanism which was similar to that of morphine both in magnitude concentrations, tramadol may increase the risk of intraoperative awareness. Our laboratory data do not support this and mechanism of action.
The MAC of inhalation anaesthetics can be influenced hypothesis. We observed a small reduction in the MAC of isoflurane that was abolished selectively by naloxone. Our by a variety of physiological and pharmacological interventions. Hypo-and hypercapnia affect MAC only at extreme data agree with the observations of Friedel 28 who showed a moderate central depressant effect of tramadol using values. 15 In our experiments, ventilation was adjusted to obtain normal blood-gas values: Pa CO 2 was 2.7-6.7 kPa and EEG and electronystagmography in humans. The clinical importance of the data on intraoperative recall of auditory Pa O 2 was maintained at 20.0-66.7 kPa, values shown previously not to affect MAC. 12 Other potentially con-stimuli, as reported in the study of Lehman, Horrichs and Hoeckle, 6 remains to be evaluated. Determination of MAC founding factors were also controlled: temperature was kept on a laboratory study in rats. 10 The analgesic requirements in our study.
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